We investigate theoretically magnon-mediated superconductivity in a heterostructure consisting of a normal metal and a two-sublattice antiferromagnetic insulator. The attractive electron-electron pairing interaction is caused by an interfacial exchange coupling with magnons residing in the antiferromagnet, resulting in p-wave, spin-triplet superconductivity in the normal metal. Our main finding is that one may significantly enhance the superconducting critical temperature by coupling the normal metal to only one of the two antiferromagnetic sublattices employing, for example, an uncompensated interface. Employing realistic material parameters, the critical temperature increases from vanishingly small values to values significantly larger than 1 K as the interfacial coupling becomes strongly sublattice-asymmetric. We provide a general physical picture of this enhancement mechanism based on the notion of squeezed bosonic eigenmodes.
Introduction. -Hybrids comprised of a magnetic insulator coupled to a conducting layer allow for interconversion between magnonic and electronic spin currents [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Spin Hall effect [12, 13] in the conductor has further been exploited to electrically control and detect the magnonic spin currents [14] , thereby enabling their integration with conventional electronics. The ensuing newly gained control over spin currents has instigated a wide range of magnon transport based concepts and devices [5, 8, 9, [15] [16] [17] [18] . Conversely, magnons in the magnet can mediate electron-electron attraction in the conducting layer. The resulting magnon-mediated superconductivity has been investigated theoretically in normal metals [19, 20] as well as topological insulators [21, 22] , and experimentally [23] . Magnon-mediated indirect exciton condensation has also been predicted recently [24] .
Interest in antiferromagnets (AFMs) has recently been invigorated [25] [26] [27] due to their distinct advantages over ferromagnets (FMs) , such as minimization of stray fields, sensitivity to external magnetic noise, and low-energy magnons. The demonstration of electrically-accessible memory cells based on AFMs [28, 29] and spin transport across micrometers [18] corroborates their high application potential. Furthermore, their two-sublattice nature allows for unique phenomena [30, 31] , such as topological spintronics [32] and strong quantum fluctuations, not accommodated by FMs. AFMs with uncompensated interfaces, proven instrumental in exchange biasing [33] [34] [35] [36] [37] [38] [39] FMs for contemporary memory technology, have been predicted to amplify spin transfer to an adjacent conductor [40] . Recently, a theoretical proposal for proximity-inducing spin splitting in a superconductor using an uncompensated AFM, along with an experimental feasibility study based on existing literature, has also been put forward [41] .
Within the standard theory of boson-mediated superconductivity [43, 44] , the superconducting critical temperature T c is determined by an energy scale set by some high-frequency cutoff ω c on the boson-spectrum, cou-pling of electrons with these bosons, and the singleparticle electronic density of states on the Fermi-surface. The latter two combine to an effective dimensionless coupling constant λ. In the simplest case, T c ∼ ω c exp −1/λ . An enhancement of electron-phonon coupling, and thus λ, possibly due to a feedback loop involving strong correlation effects, typically results in a larger T c [45] . An increase of λ caused by nonequilibrium squeezing [46] of phonons has been suggested [47, 48] as a mechanism underlying experimentally observed, light-induced transient enhancement of T c in some superconductors [49] [50] [51] .
In this Letter, we theoretically demonstrate a drastically increased, attractive, magnon-mediated electronelectron (e-e) interaction, exploiting the two-sublattice nature of, and equilibrium squeezing-mediated strong quantum fluctuations ( Fig. 1 ) in, an AFM [42, 52] . We study a bilayer structure in which a normal metal (NM) exchange couples equally or differently to the two sublattices of an AFM insulator (AFMI), as depicted in Fig. 2 , and find a significant enhancement of the attractive e-e interaction in the latter case. This is attributed to an amplification of the electron-magnon coupling that appears through magnon coherence factors acting constructively, instead of destructively as they do in the case of equal coupling to both sublattices. The resulting increase in λ produces a significant enhancement in T c with sublattice-FIG. 1. Representation of a spin-up antiferromagnetic squeezed magnon [42] . The squeezed excitation is a coherent superposition of states with N+1 spin-up and N spin-down magnons. Each of the constituent states possesses unit net spin, but varies in its spin content on each sublattice thereby resulting in strong quantum fluctuations.
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Schematic depiction of the antiferromagnetic insulator (AFMI)/normal metal (NM) bilayer including its sublatticeasymmetric interfacial exchange coupling. Panels (a) and (c), respectively, illustrate compensated and uncompensated interfaces that are realized in experiments, for example via AFMI layer growth in a specific crystal orientation. Panel (b) shows the model employed in our analysis, which conveniently allows capturing the full range of interfacial asymmetry via the parameter Ω.
symmetry-breaking of the interfacial exchange coupling between the NM and AFMI ( Fig. 3 ). We also comment on the experimental feasibility and optimal materials for realization of the predicted p-wave, spin-triplet superconducting state in these engineered bilayers.
A physical picture of this electron-magnon coupling enhancement, detailed elsewhere [42] , is provided by the intrinsically squeezed nature of the antiferromagnetic magnons [42, 52, 53] (Fig. 1 ). Referring to a spinflip residing on sublattice A (B) as a spin-up (-down) magnon, the antiferromagnetic eigenmodes are formed by two-mode squeezing [46] between these spin-up anddown magnons [52, 53] . Thus, a spin-up AFM squeezedmagnon is comprised of a coherent superposition of states with N+1 spin-up and N spin-down magnons, as depicted in Fig. 1 , where N runs from zero to infinity [54, 55] . The average spin on each sublattice associated with one squeezed-magnon is thus much larger than its unit net spin. Any excitations, such as itinerant electrons, that exchange-couple to only one of the sublattices thus experience a much stronger interaction proportional to the average spin residing on the particular sublattice. The exposure of itinerant electrons to a fully uncompensated antiferromagnetic interface accomplishes this effect.
The mechanism we propose in this paper appears to be mathematically analogous [42, 56, 57] to the one based on nonequilibrium squeezing of phonons [47, 48] proposed to explain the light-induced transient enhancement in T c observed experimentally [49] [50] [51] . Our mechanism, however, exploits the intrinsic, equilibrium squeezed nature of the antiferromagnetic magnons [42] in contrast to the driven, transient squeezing achieved with phonons [47] . Moreover, our mechanism attributes the increase in λ to an enhanced electron-magnon coupling [42, 56] while Knap and coworkers find a renor-malized, reduced electron hopping which alters the density of states to underpin a similar enhancement [47] .
Model. -We consider a bilayer consisting of a NM interfaced with an AFMI. The magnetic ground state is assumed to be an ordered staggered state where the staggered magnetization is taken to be along the z-direction. The essential physics does not depend on whether the z-direction is taken to be in or out of the interfacial plane. We take = a = 1, where a is the lattice constant. The system is modeled by a Hamiltonian H = H AFMI + H NM + H int , with
consisting of a term describing the AFMI, a tight binding Hamiltonian describing the NM, and a term accounting for exchange coupling between the two materials [5, 7, 19, 31, 53, 58] . Here, J (> 0) and K (> 0) respectively parametrize the antiferromagnetic exchange and easy-axis anisotropy, and the sum over i, j includes all nearest neighbors for each i. Further, t is the tight-binding hopping parameter, the chemical potential is denoted by µ and
where c † iσ is a creation operator, creating an electron with spin σ on lattice site i. The Pauli matrices τ act on the electron spin degree of freedom. Without loss of generality, the lattices on both sides of the interface are assumed to be square. The local exchange coupling between the NM electrons and AFMI spins across the interface is parametrized by sublattice-dependent strengthsJ A andJ B [40, 41] .
Employing Holstein-Primakoff transformations for the spin operators and switching to Fourier space, we obtain the magnetic Hamiltonian in terms of the sublattice magnons [59, 60] , which are not the eigenmodes. Executing Bogoliubov transformation brings the AFMI Hamiltonian to its diagonal form [59, 60] : 
The sum over k here covers the full Brillouin zone.
As detailed in the supplemental material [59] , the interaction Hamiltonian [Eq. (3)] couples the NM electrons with the A and B sublattices of the AFMI: In order to obtain an effective interacting theory for electrons in NM, we integrate out the magnons, using a canonical transformation [60] . We then obtain an effective electronic Hamiltonian H = H NM + H pair [59] . The term H pair contains the pairing interaction between electrons mediated by the antiferromagnetic magnons. Considering opposite momenta pairing [44] , we obtain [59] 
where (5) and
The interaction potential in Eq. (5) consists of two factors, in addition to a prefactor. The first is the standard expression that enters pairing mediated by bosons with a dispersion relation ω k , familiar from phonon-mediated superconductivity [44] . The second factor A(q, Ω) [Eq. 6] contains the effect of the constructive or destructive interference of squeezed magnons. For long-wavelength magnons, the coherence factors u q and v q grow large, but have opposite signs. For the case of equal coupling to both sublattices, Ω = 1, we have A(q, Ω) = (u q + v q ) 2 , and a near-cancellation of the coherence factors. On the other hand, for the case of a fully uncompensated AFMI interface, Ω = 0, the coherence factors combine to A(q, Ω) = (u 2 q + v 2 q )/2, where u q and v q are squared separately. This represents a dramatic amplification of the pairing interaction in the latter case.
Mean field theory and T c . -We now formulate the weak-coupling mean field theory for the magnonmediated superconductivity in the NM employing standard methodology for unconventional superconductors [61] . Comparing our effective interaction potential [Eqs. (4) and (5)] with that for conventional swave superconductors [44] , we note the additional multiplicative minus sign. This implies that the conventional spin-singlet pairing channel is repulsive and does not support condensation. We therefore consider S z = 0 spin-triplet pairing which is the typical condensation channel for magnon-mediated superconductivity [19, [62] [63] [64] . The corresponding gap function is defined 
where
Close to the critical temperature, we linearize the gap equation and compute an average over the Fermi surface λ∆ k = −D 0 V kk ,O(k) ∆ k k ,FS , in order to determine the critical temperature [59, 61] 
Here, D 0 is the density of states on the Fermi surface and ω c is the high-frequency cutoff on the magnon spectrum. As detailed in the supplemental material [59] , numerical solution of the eigenvalue problem for the dimensionless coupling constant λ yields a p-wave gap function. Employing experimentally obtained material parameters [59] , critical temperature T c and dimensionless coupling constant λ are evaluated and presented as a function of the asymmetry parameter Ω ≡J A /J B in Fig. 3 . We now pause to comment on the results thus obtained. rameter Ω ≡JA/JB, withJ ≡JB. Ω = 1 and 0, respectively, correspond to compensated and uncompensated antiferromagnetic interfaces (Fig. 2 ). An increase in both λ and Tc in the latter case constitutes our main result.
Both λ and T c are found to increase with the sublattice-asymmetry of the interfacial exchange coupling, i.e. as Ω decreases (Fig. 3 ). Furthermore, a T c of a few tens of Kelvins is obtained for a perfectly uncompensated interface, corresponding to Ω = 0, employing realistic parameters [59] . However, T c evaluations are notoriously unreliable on account of their sensitivity to λ (exponential dependence on 1/λ) evaluation method and related details. Within our model, altering the parameters by a few tens of percents leads to significantly smaller, or even larger, critical temperatures. The key lesson of our analysis is that uncompensated interfaces drastically enhance T c to values potentially significantly larger than 1 K considering realistic material parameters.
Theoretical model assessment.
-We now comment on some assumptions employed in our considerations. First, uncompensated AFM interfaces induce spin splitting in the adjacent conductor [41] that has not been included here. Such a spin splitting in conventional BCS superconductors has been investigated in detail and is known to result in rich physics [65, 66] including gapless superconductivity [67] , FFLO state [68, 69] , and finally, de-struction of the superconducting phase when spin splitting becomes significantly larger than T c [70] . In the case at hand, the magnon-squeezing effect amplifies the dynamical electron-magnon coupling, and thus T c , while leaving the static spin splitting unchanged. Therefore, the latter is expected to bear no significant effects on the predicted superconducting state [64] with T c considerably larger than the typically induced spin splitting ∼ 1 K [41, 71] . Furthermore, a strong spin-orbit interaction, also disregarded here, may reduce T c [66] . Secondly, all non s-wave superconducting phases are suppressed by disorder. Therefore, we expect the inclusion of interfacial disorder to reduce T c for our p-wave state [64] . A rigorous analysis of the effects mentioned above constitutes a promising avenue for future studies.
Experimental feasibility. -The fabrication of proposed bilayers with uncompensated and low disorder interfaces, albeit challenging, is within the reach of contemporary state-of-the-art techniques [23, 36] . The choice of materials is likely to be dictated by the growth, rather than theoretical, considerations. Nevertheless, we now outline the optimal materials requirements from a theory standpoint. Broadly speaking, a reasonably large Néel temperature for the AFM is beneficial. A metal with high density of states at the Fermi level and low spin-orbit interaction is desirable. The possibility of a strong exchange coupling across the interface seems to be supported by spin mixing conductance experiments for a wide range of bilayers [2, 4, 72] . Without an extensive comparison between many materials, hematite [18] or chromia [29, 38] as AFM and copper or aluminum as the metal seem to be reasonable choices.
Summary. -We have shown that magnons in an antiferromagnetic insulator mediate attractive electronelectron interactions in an adjacent normal metal. Exploiting the intrinsic squeezing of antiferromagnetic magnons, the electron-electron pairing potential is amplified by exchange coupling the normal metal asymmetrically to the two sublattices of the antiferromagnet. This, in turn, is found to result in a dramatic increase in the superconducting critical temperature, which is estimated to be significantly larger than 1 K employing experimentally obtained material parameters, when the normal metal is exposed to an uncompensated antiferromagnetic interface. Our results demonstrate the feasibility of engineering heterostructures exhibiting superconductivity at potentially large temperatures.
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MODEL
We consider a bilayer heterostructure consisting of a normal metal (NM) and an antiferromagnetic insulator (AFMI), as shown in Fig. 4 . The staggered magnetization of the AFMI is assumed to be aligned with the z-direction, which could be either in-plane or out-of-plane. The system is modeled by the Hamiltonian H = H AFMI + H NM + H int [1, 2] , where
Here, we have
where c † iσ is a creation operator, creating an electron with spin σ on lattice site i in the NM. The chemical potential is denoted by µ. The exchange coefficients J is assumed to be positive and therefore favors anti-alignment of neighboring lattice site spins S i . The easy-axis anisotropy coefficient K is also positive. The Pauli matrices τ act on the fermionic spin degree of freedom, the lattices are taken to be square and we have periodic boundary conditions in the directions parallel to the interfacial plane. The sum over i, j includes all nearest neighbors for each i, and the lattice site sums in the interaction Hamiltonian cover the interfacial plane between the two materials. The strength of the coupling between the electrons and the lattice site spins of sublattice A, B is determined by the parametersJ A ,J B . In the following, we will takeJ B =J andJ A = ΩJ, where Ω determines which AFMI sublattice couples strongest to the electrons on the surface of the NM. In this way of parametrizing the exchange-interaction across the AFMI-NM interface, we may without loss of generality set 0 ≤ Ω ≤ 1.
We introduce Holstein-Primakoff transformations for both sublattices in the AFMI
and Fourier transformations for the magnon and electron operators
where ♦ indicates that the sum over momenta covers the reduced Brillouin zone of the sublattices and G ≡ π(x+ŷ) a is a reciprocal lattice vector for the sublattices. After performing a Bogoliubov transformation, the AFMI Hamiltonian becomes
with
The number of nearest neighbors is here denoted by z, and the sum over b in Eq. (22) goes over the directions parallel to the interface. For small k, compared to the size of the Brillouin zone, the parameters u k and v k grow large with similar magnitude, but opposite signs.
The NM Hamiltonian reduces to
From the interaction Hamiltonian we obtain, for coupling to sublattice A and B respectively [2, 3] ,
whereσ = ±1 depending on the spin being up or down. We have also defined
where N is the number of lattice sites in the interfacial plane and used to mark the sums that cover the Brillouin zone of the full lattice. Quadratic or higher order terms in the magnon operators have been neglected. The relative minus signs between the two terms in each of the parentheses in the expression for H (B) int arise due to sublattice B being shifted in space one lattice constant away from sublattice A.
For our tight binding NM model, the different sides of the Fermi surface are connected by a reciprocal lattice vector G, in the case of half-filling. The above Umklapp processes involving G are then important for the physics at the Fermi surface [2] . In the following, we focus on the case away from half-filling and neglect such processes. Moreover, for a real system of finite thickness, the effect of the potential Zeeman splitting is expected to be small and a rigorous treatment of the corrections to the superconducting state stemming from this effect is outside the scope of this letter. See the discussion in the main paper. We therefore neglect these terms as well and obtain
Rewriting the magnon operators in terms of the quasiparticles that diagonalized the AFMI Hamiltonian, we then have
Collecting the results, the total Hamiltonian takes the form H = H AFMI + H NM + H
int ,
EFFECTIVE INTERACTION
We now perform a canonical transformation in order to eliminate the magnon operators from the problem and obtain an effective interacting theory for the electrons, with the electron-electron interaction mediated by virtual magnons. We define 
We then choose ηS = ηS (A) + ηS (B) such that we have
producing
where L ∈ {A, B}. Choosing
and working out the commutators, one obtains
GAP EQUATION
The potential can be divided into even and odd parts in k
Following the procedure of Ref. [6] , we write the pairing Hamiltonian as
following from the fermionic anti-commutation relations of the electron operators. The potential vanishes for all other spin-combinations. We define a gap function
where b k,ss = c −ks c ks . Following the usual mean-field approach, the gap equation then becomes
and E k = 
which can be solved numerically for a given set of model parameters in order to determine λ as well as the corresponding eigenvector, which contains information about the structure of the gap function.
MATERIAL PARAMETERS
In the long-wavelength limit the density of states D( ) = k δ( − k ) of the tight binding model is
Taking t = 0.8 eV, produces
which is a typical magnitude for the long-wavelength density of states of metals such as Cu, Al and Au [7] [8] [9] . For the Fermi momentum, we take a small value of k F a = 0.07 π, which provides us with an approximately circular Fermi surface and makes the results less dependent on the lattice geometry. For the AFMI, we take J = 5 meV, J/K = 2000 and s = 1 [10, 11] . The cutoff ω c is set to the value at the Brillouine zone boundary ω c = 2szJ. Finally, the strength of the interfacial coupling is typically reported to be on the order of magnitude of 10 meV [2, 12] .
